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ABSTRACT Indirect exposure to waterborne viruses increases the risk of infection,
especially among children with frequent hand-to-mouth contacts. Here, we quanti-
ﬁed the transfer of one bacteriophage (MS2) and two enteric viruses (adenovirus
and coxsackievirus) from liquid to skin. MS2, a commonly used enteric virus surro-
gate, was used to compare virus transfer rates in a volunteer trial to those obtained
using human cadaver skin and synthetic skin. MS2 transfer to volunteer skin was
similar to transfer to cadaver skin but signiﬁcantly different from transfer to syn-
thetic skin. The transfer of MS2, adenovirus, and coxsackievirus to cadaver skin was
modeled using measurements for viruses attaching to the skin (adsorbed) and vi-
ruses in liquid residual on skin (unadsorbed). We ﬁnd virus transfer per surface area
is a function of the concentration of virus in the liquid and the ﬁlm thickness of liq-
uid retained on the skin and is estimable using a linear model. Notably, the amount
of MS2 adsorbed on the skin was on average 5 times higher than the amount of ad-
enovirus and 4 times higher than the amount of coxsackievirus. Quantiﬁcation of
pathogenic virus retention to skin would thus be overestimated using MS2 adsorp-
tion data. This study provides models of virus transfer useful for risk assessments of
water-related activities, demonstrates signiﬁcant differences in the transfer of patho-
genic virus and MS2, and suggests cadaver skin as an alternative testing system for
studying interactions between viruses and skin.
IMPORTANCE Enteric viruses (viruses that infect the gastrointestinal tract) are re-
sponsible for most water-transmitted diseases. They are shed in high concentrations
in the feces of infected individuals, persist for an extended period of time in water,
and are highly infective. Exposure to contaminated water directly (through inges-
tion) or indirectly (for example, through hand-water contacts followed by hand-to-
mouth contacts) increases the risk of virus transmission. The work described herein
provides a quantitative model for estimating human-pathogenic virus retention on
skin following contact with contaminated water. The work will be important in reﬁn-
ing the contribution of indirect transmission of virus to risks associated with water-
related activities.
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Waterborne viruses, including noroviruses, adenovirus, enteroviruses, astrovirus,rotavirus, and hepatitis A virus, are responsible for a signiﬁcant proportion of
recreational and drinking water outbreaks (1–3). Waterborne viruses are typically
introduced to water sources through fecal contamination (1). Once in the water, viruses
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can be transmitted to people either directly (through ingestion) or indirectly (i.e.,
through hand-water or hand-fomite contacts followed by hand-to-mouth contacts).
Indirect transmission is likely a substantial contributor to infection risks from water
contacts, especially in scenarios involving children (4–6), among whom hand-to-mouth
contacts are frequent (7).
The importance of indirect transmission of pathogens via contaminated fomites has
been explored using microbial risk assessments (8–13). Since risk assessments of
fomite-mediated transfer evaluate the risk from indirect transmission, it is not surprising
that there is extensive literature quantifying pathogen transfer between hands and
fomites (14–22). In contrast, risk assessments of recreational and occupational water
exposure focus almost exclusively on the direct ingestion of contaminated liquid
(23–30). Only a few risk assessments of waterborne pathogens consider indirect trans-
mission due to hand-to-mouth contacts (31–33), and data on the transfer of viruses
between hands and liquids are sparse (34).
To account for indirect transmission of waterborne pathogens, estimates of the
number of viruses transferred between liquid and skin are needed. Prior work on
fomite-mediated transfer suggests that transfer can be described as a percentage,
where the fraction of pathogens transferred to the recipient surface (i.e., skin) is a
proportion of the total number of pathogens on the donor surface (i.e., fomite) prior to
contact (18–20). In contrast, liquid-mediated transfer requires accounting for both the
pathogens that transfer to the recipient surface (i.e., skin) from the donor matrix (i.e.,
water) through retention of liquid residual on the skin, as well as pathogens that adsorb
to the skin surface (32). Our prior work investigating bacteriophage suggests that the
quantity of bacteriophage transferred from liquid to skin can be estimated as the sum
of the virus adsorbed on the skin plus the virus in the liquid residual on the skin. The
magnitude of virus adsorption to skin is a function of the concentration of virus in the
liquid matrix. The liquid characteristics of pH (6, 7.5, and 9) and ionic strength (10 mM
and 550 mM) were previously shown to have no inﬂuence on the adsorption of
bacteriophage to the skin (34). Additionally, our prior studies suggest that bacterio-
phage type has a small but signiﬁcant inﬂuence on virus adsorption, as also observed
in fomite-mediated transfer studies (15, 20). Conversely, virus retained in the residual
liquid on the skin is only dependent on virus concentration in the liquid matrix (34).
The transfer of pathogenic viruses between the environment (e.g., water and
fomites) and human skin is typically approximated using bacteriophages as pathogenic
virus surrogates (18–20, 34). Bacteriophages are commonly used as human-virus sur-
rogates because they have similar shapes, sizes, morphologies, and isoelectric points as
human-pathogenic viruses (35, 36). Additionally, bacteriophages are safe to use, en-
abling studies with human volunteers (37). Bacteriophages are also relatively easy to
enumerate, with rapid low-cost methods for quantiﬁcation of infectivity (37). Never-
theless, bacteriophages do not always mimic the behavior of human viruses. For
example, bacteriophages MS2 and X174 failed to emulate the adsorption behavior of
different enteric viruses tested on inanimate objects, such as sand and membrane ﬁlters
(38, 39). Additionally, the same viral surrogate can describe the pathogen adequately in
some scenarios and not in others based on the environmental conditions (e.g., liquid
pH and ionic strength) (40, 41). Since the environment inﬂuences the extent to which
the surrogate mimics the behavior of the pathogen of interest (42), the use of pathogen
surrogates should be validated in the speciﬁc scenario under study (41, 43).
The use of pathogenic viruses in studies of virus-skin interactions involves risks to
human volunteers, necessitating the consideration of safer skin surrogates. The major-
ity of research on the interaction between human pathogens and the skin (e.g., studies
of pathogen transfer, survival, and susceptibility to biocides) has been performed using
the hands (17, 44) and ﬁngers (15, 16, 18, 19, 34, 44–46) of volunteers. These studies rely
on the use of pathogens or surrogates that do not pose a signiﬁcant risk to the subjects.
However, to understand the interaction of virulent pathogens with human skin and to
assess the validity of pathogen surrogates for these organisms, alternatives to human
volunteer skin are essential. Animal skin (45–47), synthetic skin (48), and fragments of
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human skin obtained from surgery (49–51) and from cadavers (52) have been used to
study microbial interactions with skin while preventing unnecessary risks to volunteers.
The use of volunteer skin surrogates necessitates validation through a comparison of
the study outcome obtained using surrogates to that obtained using volunteer skin.
This study informs our understanding of the indirect transmission of enteric viruses
through contact with liquids. Speciﬁcally, the study quantiﬁes and models the transfer of
two pathogenic viruses (human adenovirus type 2 and human coxsackievirus B5) from
liquid to skin and compares the results to the transfer of bacteriophage MS2, a commonly
used enteric virus surrogate (see Table S1 in the supplemental material). Because the use
of pathogenic viruses poses risks to study volunteers, we furthermore examined skin
surrogates (cadaver and synthetic skin) that could be used to study pathogens directly,
providing a better understanding of virus transfer from liquids to human skin.
RESULTS
MS2 transfer to different skin models. A total of 84 individual transfer events were
performed using MS2 bacteriophage and three different skin types, as follows: the skin
of healthy volunteers, the skin of cadavers, and the synthetic skin Vitro-Skin N-19 (Table
1, experiment A). In a comparison of virus transfer from liquid to the three different skin
types, we found no signiﬁcant effect of the skin used on the number of bacteriophage
MS2 unadsorbed on the skin [analysis of variance (ANOVA), F (2, 79)  0.12, P  0.88]
(Fig. 1A). However, we did ﬁnd a signiﬁcant inﬂuence of the skin type on the amount
of MS2 adsorbed on the skin [ANOVA, F (2, 79)  24.55, P  0.001, p2 (partial eta
squared)  0.383] (Fig. 1B). Speciﬁcally, the adsorption of MS2 to Vitro-Skin was 0.4
log10 less than that to volunteer skin (Tukey’s post hoc comparison, P 0.001), whereas
the adsorption of MS2 to volunteer skin was not signiﬁcantly different from the
adsorption to cadaver skin (P  0.12). None of the volunteers, skin specimens, and
synthetic skins were contaminated with male-speciﬁc (F) coliphage prior to the
experiments, as shown by the absence of plaques in all negative controls.
Comparison of different experimental approaches to measure virus transfer
(ﬁnger dipping versus droplet). A subset of the experimental data obtained from
experiment B (Table 1), which consisted of 48 liquid-to-skin transfer events performed using
bacteriophage MS2, was used to compare the results of this study (cadavers and volun-
teers) with the results of our previous study (volunteers). The transfer method of our
previous study (34) consisted of dipping the ﬁnger directly into liquid with bacteriophages
(Fig. S2). In contrast, the transfer method in this study consisted of applying and removing
a droplet of liquid with virus on the skin using a pipette (Fig. S1 and S2).
Both studies showed a linear relationship between the log10-transformed number of
viruses transferred to the skin per surface area (adsorbed and unadsorbed) and the
log10-transformed concentration of virus in the liquid applied to the skin (Fig. 2). The
numbers of bacteriophage MS2 adsorbed on the skin per surface area (in PFU per
square centimeter) were similar in the two studies (Fig. 2B). In contrast, the amount of
TABLE 1 Description of experiments in this study in comparison to prior work by Pitol et al.a
Expt by study Skin type (body part) Virus
No. of
specimens/volunteers
No. of times a set of expts
was performed
No. of transfer
eventsb
This study
A Cadaver (hand/arm) MS2 3 4 28
Vitro-Skin MS2 4 4 28
Volunteer (hand/arm) MS2 4 4 28
B Cadaver (hand/arm) MS2 5 8 48
Adenovirus 5 8 45
Coxsackievirus 5 8 47
Pitol et al. (34) Volunteer (hand) MS2 7 7 70
aAll experiments were performed at a seeding concentration of 106 to 108 PFU or MPN/ml. MPN was calculated using ﬁve replicates per concentration (i.e., 0 to 5 positive
results).
bEquivalent to the sample size or the total number of replicates.
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unadsorbed MS2 retained on the skin was on average eight times lower (1 log10
PFU/cm2) for the droplet method used in this study than for the ﬁnger-dipping method
(34) (Fig. 2A). The ﬁndings suggest the experimental method inﬂuences the volume of
liquid retained on the skin after contact and therefore also the number of viruses
retained. Assuming that the unadsorbed virus retained in the liquid on the skin per
surface area n (virus/cm2) can be estimated by multiplying the concentration of virus in
the liquid (C [virus/cm3]) by the liquid ﬁlm thickness (h [cm]), n C h (34), then the ﬁlm
FIG 1 Bacteriophage MS2 (log10 transformed virus density) transferred to the skin, unadsorbed and adsorbed, as a function of skin
type. The boxplots summarize the number of MS2 bacteriophages unadsorbed (A) and adsorbed (B) on three different skin types
(volunteer skin, cadaver skin, and Vitro-Skin). The transfer studies were conducted using liquid containing 107.5 PFU/ml bacteriophage
MS2. The boxplots summarize the data from 28 individual transfers for each skin type. The top and bottom of the boxplots represent
the 25th and 75th percentiles, the center line represents the median value, and the whiskers extend to the highest and lowest
concentrations. The statistical signiﬁcance of the difference between each pair of skin types is indicated above the boxplots by the
corresponding P values, with those 0.001 in bold.
FIG 2 Inﬂuence of experimental method on virus transfer to skin (adsorbed and unadsorbed). The plots show the
number of MS2 (log10 transformed) transferred to the skin per surface area as a function of the concentration of
MS2 (log10 transformed) in the liquid. Virus transfer was measured using two different experimental methods, as
follows: (i) the ﬁnger-dipping method (data from Pitol et al. [34]), and (ii) the droplet method (this study). In the
ﬁnger-dipping method, a set of 7 volunteers were asked to dip their ﬁngers into a glass containing a saline solution
with MS2, and the skin was sampled afterward. Each transfer event is represented by an open triangle. In the
droplet method, the transfer events were carried out in cadavers’ and volunteers’ hands or arms by applying and
removing a 20-l droplet of buffer containing MS2. Each transfer event is represented by a blue circle.
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thickness of the liquid retained on the skin was (mean  standard deviation) 1.4 
10	3 cm  1.3  10	3 cm for the droplet method (this study) and 1.1  10	4 cm 
5.2  10	3 cm for the ﬁnger-dipping method.
Transfer of pathogenic viruses and bacteriophages. A total of 140 virus transfer
events from liquid to cadaver hands and/or arms were evaluated, with 48 events using
bacteriophage MS2, 45 events using adenovirus, and 47 events using coxsackievirus
(Table 1, experiment B). As expected, the number of bacteriophage MS2 and viral
pathogens (adenovirus or coxsackievirus) remaining on the skin per surface area due to
residual liquid transfer (the unadsorbed fraction) was proportional to C, the seeding
concentration of virus in the liquid (Fig. S3). Since the number of unadsorbed virus
retained on the skin per surface area is inﬂuenced by the experimental method (Fig. 2A)
and can be estimated as n  C h, as described previously (34), we proceeded with
analyzing only the adsorbed fraction. Further analysis of the unadsorbed fraction can
be found in the supplemental material (Table S2). Multiple regression was used to
predict the log10-transformed number of viruses adsorbed on cadaver skin per surface
area as a function of virus seeding concentration, virus species, specimen used, and
body part [F(8, 131)  40.42, P  0.001, R2  0.69] (Table 2, model 1). Speciﬁcally, the
number of viruses per surface area adsorbed on the skin was signiﬁcantly associated
with the seeding concentration of virus in the liquid, virus species, and specimen but
not body part. Both adenovirus and coxsackievirus concentrations per surface area
were signiﬁcantly different than that of MS2 when controlling for all the factors (Table
2, model 1; P  0.001). No signiﬁcant difference in adsorption was observed between
adenovirus and coxsackievirus, as shown by multiple regression analysis using adeno-
virus as the reference pathogen (Table S3, P  0.18). Additionally, cadaver specimen 3
was signiﬁcantly different from specimens 1 (P 0.007), 2 (P 0.009), and 4 (P 0.011)
but not different from specimen 5 (P  0.102) (Table S3). No signiﬁcant difference was
observed in a comparison of the density of viruses adsorbed on the hand compared to
that on the arm (P  0.89) (Table 2, model 1).
TABLE 2Multiple regression analysis for the log10-transformed number of viruses
adsorbed on the skin per surface area as a function of the log10-transformed
concentration of virus in the liquid, virus type, specimen used, and body parta
Model Variable R2 b SE B  P
1 0.69
Intercept 	2.27 0.001
Concn 0.93 0.07 0.8 0.001
Virus
MS2 Reference
Adenovirus 	0.74 0.09 	0.77 0.001
Coxsackievirus 	0.61 0.09 	1.06 0.001
Specimen
1 Reference
2 	0.09 0.11 	0.05 0.448
3 	0.43 0.16 	0.37 0.007
4 	0.06 0.13 	0.06 0.680
5 	0.17 0.14 	0.3 0.202
Body part
Arm Reference
Hand 0.01 0.09 	0.01 0.896
2 0.68
Intercept 	1.51 0.40 0.001
Concn 0.80 0.06 0.69 0.001
Virus
MS2 Reference
Adenovirus 	0.71 0.09 	0.75 0.001
Coxsackievirus 	0.57 0.09 	0.49 0.001
aTwo models are presented. Model 1 includes all the predictor variables, and model 2 includes the predictor
variables that are statistically signiﬁcant and relevant for modeling virus transfer. The table shows the
goodness of ﬁt of the regression models (R2), the coefﬁcient of the regression (b), standard error (SE B),
standardized regression coefﬁcient (), and signiﬁcance level (P) of virus adsorbed on the skin. “Reference”
refers to the reference group used in the multiple regression analysis.
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Virus transfer models. Results from multiple regression (Table 2, model 2) can be
used as a predictive model to estimate the adsorption of virus as a function of
concentration of viruses in the liquid and virus type. For the predictive model, both
body part and specimen were removed (Table 2, model 2). Body part was not signiﬁ-
cant in the model and, although specimen was signiﬁcant, it is impractical to include
interspecimen variation in the predictive models. Furthermore, the inclusion of speci-
men minimally improves model explanatory power, as shown by the R2 values of model
1 compared to model 2 (Table 2). Therefore, we suggest using the following equation
to model virus adsorption to the skin:
log10 nm log10C  b0  bvirus (1)
which can be transformed to
n 10(b0 bvirus) Cm (2)
where n (viruses/cm2) is the number of viruses on the skin per surface area, m and b0
are the slope and intercept of the empirically derived regression, respectively, C
(viruses/cm3) is the concentration of virus in the liquid, and bvirus is the virus coefﬁcient,
which quantiﬁes the deviation of the model attributable to virus type (MS2, adenovirus,
or coxsackievirus). Because MS2 is the reference virus, bvirus for MS2 is 0.
Since the total number of viruses transferred from liquid to skin can be described as
the number of viruses adsorbed on the skin per surface area plus the number of
unadsorbed viruses on the skin per surface area, we can therefore estimate virus
transfer using the following equations (Fig. 3):
nMS2cm2  101.5 C0.8  C h (3)
nadenoviruscm2  102.21 C0.8  C h (4)
ncoxsackieviruscm2  102.07 C0.8  C h (5)
FIG 3 Number of bacteriophages and pathogenic viruses adsorbed on the skin per surface area as a
function of seeding concentration. The plots show the log10-transformed MS2 (red circles), adenovirus
(blue triangles), and coxsackievirus (green squares) adsorbed on the skin per surface area as a function
of the log10-transformed concentration of virus in the liquid. The regression lines represent the multiple
regression models for the number of viruses adsorbed per surface area as a function of concentration.
Pitol et al. Applied and Environmental Microbiology
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DISCUSSION
Virus transfer between liquid and skin drives indirect infection risks from interactions
with contaminated drinking and recreational water. Here, we quantiﬁed virus transfer
from liquid to skin for two enteric pathogens, adenovirus type 2 and coxsackievirus B5.
Additionally, we compared these transfers with that of a commonly used surrogate,
bacteriophage MS2. We demonstrate that the adsorption of the pathogens to the skin
was less than the adsorption of MS2, suggesting that virus adsorption to the skin is
inﬂuenced by the viral species. The ﬁnding highlights the need to utilize the pathogen
of interest in studies of pathogen-skin interactions, rather than surrogates, when
possible.
In a comparison of the results of the present study with the results from a study
by Pitol et al. (34), we observed close to a 1-log10 difference in the unadsorbed
fraction of viruses transferred to the skin for all concentrations tested. The differ-
ence observed in the number of unadsorbed viruses on the skin between the two
studies is attributed to the experimental method (ﬁnger immersion versus liquid
droplet), which inﬂuenced the ﬁlm thickness and hence the retention of liquid on the
skin (Fig. S2). Within the scope of a risk assessment, the volume of liquid retained on
the skin is expected to be different from the volumes retained in this study. The volume
retained on skin is inﬂuenced by the person-skin characteristics (e.g., hydration of the
stratum corneum and hairiness), liquid characteristics (e.g., viscosity and density), and
liquid-skin contact activity (e.g., hand immersion in liquid and hand contact with wet
cloth) (53). For example, the US EPA Exposure factors handbook (7) provides estimates
for water ﬁlm thickness retained on the skin after different activities, and these
estimates vary from 1.32  10	3 to 4.99  10	3 cm, depending on the activity
performed (7), which is comparable with the estimated ﬁlm thicknesses measured in
the present (1.4  10	3 cm) and previous (1.1  10	4 cm) studies.
The amount of bacteriophage MS2 adsorbed per surface area onto the skin was 0.74
log10 (5.5 times) greater than that of adenovirus and 0.61 log10 (4.1 times) greater than
that of coxsackievirus. Therefore, using data from bacteriophage MS2 to estimate the
transfer of enteric viruses may overestimate virus transfer and the associated risks. Our
results differ from previous ﬁndings of virus transfer between liquid and skin, in which
virus species had no meaningful inﬂuence (difference in effect size, 2%, equivalent to
0.05-log10 difference) on virus adsorption for bacteriophages Q, 6, and MS2 (34).
Adenovirus, coxsackievirus, and MS2 have different characteristics, such as genome
type, particle size, particle shape, and isoelectric point (Table S1). Based on those
characteristics, MS2 shares more features with either adenovirus or coxsackievirus than
adenovirus and coxsackievirus shared with one another. However, MS2 adsorbed more
to the skin than the two enteric viruses did, and there was no signiﬁcant difference
between adenovirus and coxsackievirus. The difference observed in the number of
viruses adsorbed to the skin could be due to differences in other viral properties, such as
viral survival and aggregation, and/or differences in counting method (double agar layer
[DAL] for MS2 and most probable number [MPN] for enteric pathogens) (40, 54, 55).
Consistent with prior work, the present study shows that the adsorption of virus to
the skin is inﬂuenced by the seeding concentration of virus in the liquid (34). Speciﬁ-
cally, the number of viruses from liquid that adsorb onto the skin is describable as a
linear model using the log10-transformed concentration of viruses in the liquid as the
independent variable. Linear models have been previously used to describe virus
adsorption to inanimate surfaces (34, 54). In addition to concentration, virus adsorption
on the skin was also associated with virus type and cadaver specimen used. The
difference observed between different cadaver specimens indicates that interindividual
variation in skin surface properties inﬂuences virus transfer. Notably, the difference was
similar to that observed for MS2 between different healthy human volunteers (Fig. S4).
Differences are likely attributed to the variation on skin characteristics, such as skin
microbiota (56), skin humidity, pH, and sebum content (57).
In this study, we expected that when controlling for concentration of virus in
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seeding liquid, the numbers of unadsorbed viruses on the skin per surface area would
be similar for the three viruses tested. This is because the number of unadsorbed
viruses per surface area should equal the volume of liquid retained on the skin per
surface area times the seeding concentration of virus in the liquid. However, the
number of unadsorbed viruses was 0.4 log10 higher for MS2 than for enteric viruses.
The cause of the difference is unclear but may be due to the counting methods used
(DAL for MS2 and MPN for enteric pathogens), or variation in virus persistence and/or
aggregation. Experiments using the MPN method to quantify MS2 suggest that the
counting method (MPN or DAL) inﬂuences the variability of the observed data and the
number of bacteriophages MS2 enumerated, with larger deviances between the two
methods observed at lower concentrations (Fig. S5). Nevertheless, the difference
observed in the unadsorbed fraction of viruses on the skin was lower (0.2 log10) than
that observed with the adsorbed fraction (Fig. S3 and Table S2), suggesting the
observed difference in the adsorbed fraction (0.7 log10) is at least partially attributed
to virus characteristics.
Our work has some limitations. Only two pathogenic viruses (adenovirus and
coxsackievirus) were tested; the transfer of other important viral pathogens (i.e.,
rotavirus and norovirus) may be different. Similarly, virus retention may vary between
strains within the same virus family. Further studies may consider examining the
transfer of other viruses to understand the impact of strain type on transfer and/or
quantify transfer for other important pathogens. The study also did not quantify the
proportion of viruses seeded onto the skin that became irreversibly adsorbed or the
proportion of viruses lost due to sample processing (i.e., adsorption to collection tubes).
Accounting for either of these proportions was not possible given the order of
magnitude difference in the concentration of virus seeded on the skin compared to the
concentration of the virus recovered, as well as the inherent variability of the plaque
assay. Additionally, virus inactivation during the experiment was not tested herein.
However, inactivation rates for enteric viruses, including adenovirus and coxsackievirus,
in the environment are relatively low (58). Speciﬁcally, inactivation rates for infective
MS2, adenovirus, and coxsackievirus in different liquids (i.e., tap water and groundwa-
ter) vary from 0.02- to 0.0008-log10 reduction per h (59–61). The experiments were
carried out within 10 h, so differences in liquid inactivation would have minimal
inﬂuence on estimates of virus transfer. Differential aggregation of viruses may also
inﬂuence virus transfer but was not assessed here. Future experiments may consider
the impacts of virus persistence and/or aggregation on virus transfer, as these factors
are known to be inﬂuenced by environmental conditions and virus species and so may
also inﬂuence transfer estimates (55, 62, 63).
The use of cadaver specimens was shown to offer an alternative testing system to
human volunteers for the study of pathogenic viruses. The overwhelming majority of
studies on virus and bacteria transferred to the skin use nonpathogenic surrogates in
human volunteers (15, 18–20, 34, 64–67). In the present study, we demonstrated that
the virus transfer to cadaver skin is similar to the transfer to human volunteer skin. In
contrast, MS2 adsorption to synthetic skin (Vitro-Skin) was signiﬁcantly lower than
adsorption to both cadaver and volunteer skin, indicating that synthetic skin is not an
appropriate surrogate for studies of virus transfer. The lower complexity of synthetic
skin than that of human skin may explain the lower adsorption of bacteriophages onto
Vitro-Skin. The outermost layer of the skin, the stratum corneum, is composed of a
complex lipid mixture of free fatty acids, ceramides, and cholesterol (68) and is
colonized by a highly diverse microbial community (69, 70). Vitro-Skin was not specif-
ically designed to mimic the entire complexity of human skin and its microbiota.
Additionally, Vitro-Skin was completely free of dust and organic particles. The particles
and the microbiota populating may offer more binding sites for the bacteriophage to
attach as they increase the surface area. Further studies are needed to understand the
skin characteristics (i.e., surface roughness, microbial community, and lipid content)
that are most inﬂuential in virus adsorption.
The ﬁndings of this study inform microbial risk assessments of water-related
Pitol et al. Applied and Environmental Microbiology
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activities. To date, risk assessments quantifying the transmission of pathogens
calculate the ingested dose using (i) broad assumptions, such as 1 to 10 ml of liquid
being accidentally ingested per h while performing different activities (71–74), (ii)
self-reported ingestion data obtained from adults performing recreational water
activities (30, 75, 76), or (iii) estimates of the thickness of liquid transferred to the skin
after contact (31, 33). Estimates reported in this study inform risk assessments of
water-related activities that involve indirect transmission of viruses. Using the amount
of pathogenic virus transferred from liquid to hand and from hand to mouth describes
more mechanistically indirect transmission of viruses than using a liquid ingestion rate
(e.g., 1 ml of contaminated liquid ingested/h).
To account for liquid-to-hand transfer in quantitative microbial risk assessment
(QMRA) studies of water-related activities, both the number of viruses adsorbed on the
skin and the number of viruses in the liquid retained on the skin should be estimated.
The results from this study suggest that the number of enteric viruses transferred to the
skin per surface area should be modeled as n  10	1.51  bvirus C0.8  C h, which
accounts for viruses adsorbed plus viruses unadsorbed.
MATERIALS AND METHODS
Virus propagation, puriﬁcation, and enumeration. Bacteriophage MS2 was selected as a patho-
genic virus surrogate because of its extensive use as a surrogate for enteric viruses in virus adsorption
studies and in transfer studies involving human volunteers (19, 20, 77–82). To grow bacteriophage MS2
(DSMZ 13767), 1 liter of tryptic soy broth (BD Difco, Sparks, MD, USA) containing log-phase Escherichia
coli (ATCC 700891 or DSMZ 5695) was inoculated with 109 PFU/ml MS2. After overnight incubation, the
medium was clariﬁed by centrifugation for 20 min at 4,000  g, followed by ﬁltration of the supernatant
using a 0.2-m-pore-size syringe ﬁlter (VWR International, USA). Finally, the ﬁltered supernatant was
concentrated using an Amicon Ultra centrifugal ﬁlter device (100 kDa; Merck Millipore).
The double agar layer (DAL) procedure was used to enumerate infective MS2 bacteriophage (34).
Brieﬂy, 100 l of the sample was combined with E. coli in tryptic soy broth (BD Difco, Sparks, MD, USA)
with 0.7% agar (BD Difco) and poured into a plate containing 1.5% tryptone soya agar. Positive (106
PFU/ml MS2) and negative (E. coli host with no bacteriophage) controls were included in each experi-
ment.
Human adenovirus type 2 and human coxsackievirus B5 viruses were selected due to their prevalence
in water and feces (83–87), relevance for human health (83, 88–91), and the availability of a culture-based
quantiﬁcation method (92). Adenocarcinoma alveolar basal epithelial (A549) cells and buffalo green
monkey kidney (BGMK) cells, obtained from the Cell Culture Facility of the University of California
Berkeley, were used to propagate the human adenovirus type 2 and coxsackievirus B5, respectively, as
previously described (92). Brieﬂy, a ﬂask containing 95% conﬂuent cell monolayer was inoculated with
100 l of adenovirus or coxsackievirus stock at a concentration of 106 most probable number
(MPN)/ml. The culture was incubated at 37°C in 5% CO2 and 95% humidity until cytopathic effects were
observed, which occurred 7 to 10 days after inoculation. The sample was then clariﬁed by centrifugation
for 20 min at 4,000  g. Finally, the supernatant was ﬁltered using a 0.2-m-pore-size ﬁlter (VWR
International, USA) and concentrated using an Amicon Ultra centrifugal ﬁlter device (100 kDa; Merck
Millipore). The medium used for culturing the cell lines was Dulbecco’s modiﬁed Eagle medium (DMEM;
Gibco, NY, USA) for A549 cells and minimum essential medium (MEM; Gibco) for BGMK cells. Both culture
media were supplemented with 10% fetal bovine serum (FBS; Gibco) and 1% antibiotics (10,000 U/ml
penicillin-streptomycin; Gibco) for cell culture and 2% FBS and 1% antibiotics for viral infection.
The MPN method was used to enumerate infective viruses. Brieﬂy, the samples were diluted and
spiked into 96-well plates with a 95% conﬂuent cell monolayer in quintuplicate. After virus inoculation,
the plates were incubated at 37°C and 5% CO2 for 10 to 14 days before counting cytopathogenic units.
Every 96-well plate had ﬁve wells as a negative control, consisting of a 95% conﬂuent cell monolayer in
medium, without virus.
Study design. We performed two sets of experiments, studies A and B (Table 1). The objective of
study A was to determine if cadaver skin and synthetic skin (Vitro-Skin; Portland, ME, USA) were
appropriate human skin surrogates for virus transfer experiments. The objectives of study B were to
estimate the transfer of adenovirus and coxsackievirus from liquid to skin and to compare the transfer
of both pathogenic viruses with bacteriophage MS2. The results obtained were also compared with the
results published by Pitol et al. (34), in which the MS2 transfer from liquid to skin was quantiﬁed using
a different experimental method (Table 1).
Virus transfer experiments. Virus transfer studies were performed on synthetic skin, the arms and
hands of volunteers, and the arms and hands of cadavers (Table 1) using an adaptation of a previously
published method to quantify virus transfer from liquid to skin (34). After liquid-skin contact, a fraction
of viruses remains on the skin due to both virus adsorption to the skin and incomplete removal of
virus-containing liquid. Viruses suspended within the liquid remaining on the skin are referred to as
unadsorbed viruses, whereas viruses remaining on the skin due to adsorption are referred to as adsorbed
viruses (34). Therefore, we deﬁned virus transfer from liquid to skin as the sum of the adsorbed viruses
and unadsorbed viruses on the skin after contact. The number of viruses transferred is dependent on the
Enteric Virus and Phage Transfer from Liquid to Skin Applied and Environmental Microbiology
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surface area of the contact and the concentration of viruses in the liquid (34). Unadsorbed viruses were
recovered using phosphate-buffered saline (PBS [pH 7.4]; Gibco), the same solution used to apply the viruses.
A beef extract solution (3% [wt/vol] beef extract [Sigma-Aldrich], 0.1 M glycine [Fluka] [pH 8]), commonly used
to desorb virus from surfaces (54, 93), was used to recover the viruses adsorbed on the skin.
A schematic of the method used to quantify virus transfer is shown in the supplemental material (Fig.
S1). Brieﬂy, a circular area (5 mm diameter) was delimited on the skin by gently pressing the rim of a 20-l
pipette tip dipped in Vaseline (Vifor Pharma, Switzerland). Subsequently, a 20-l droplet of PBS
containing either bacteriophage (MS2) or human virus (coxsackievirus or adenovirus) was added to the
area inside the Vaseline circle. Five seconds after addition, the droplet was removed using a pipette.
Longer contact times between inoculated liquid and human skin (up to 30 min) did not inﬂuence the
extent of bacteriophage transfer to skin (34). After the transfer event, the area inside the Vaseline was
sampled by pipetting up and down once using 20 l of PBS to recover the unadsorbed viruses, followed
by pipetting up and down ﬁve times using beef extract to recover the adsorbed viruses. To reduce
variation in the force applied to recover the adsorbed viruses, all the transfer events were performed by
the same researcher. Each experiment had a negative control which consisted of sampling the area inside
the Vaseline where no virus was applied.
Skin preparation. (i) Human volunteer hands and arms. Volunteers’ hands and arms were
inspected to ensure the absence of skin damage. Volunteers were asked not to wash their hands or apply
any disinfectant before the experiment, as this has been shown to signiﬁcantly reduce the transfer of
viruses (20, 21) and does not mimic typical skin conditions. After the transfer experiments, the hands and
arms of the volunteers were disinfected using 70% ethanol (Fisher Scientiﬁc), followed by hand washing
with soap.
(ii) Human cadaver hands and arms. Human cadaver experiments were conducted at the Stanford
University BioSkills Laboratory, where the cadaver specimens were provided. Previous studies have
suggested that the integrity of cadaver skin is compromised after freezing at 	20°C (94). Therefore, all
cadavers used were preserved at 4°C without chemical treatment for a period of no longer than 3 weeks
prior to the experiments. On the day of the experiment, a specimen (hand with arm) was removed from
the body by a BioSkills laboratory technician. Two hours before the experiment, the hand and arm were
placed at room temperature. After the transfer experiment was performed, the tested area of the
specimen was disinfected using 1% sodium hypochlorite for 15 min and was either stored for use a
second time or discarded. If a specimen was used more than once, a new area of the hand or arm was
used for subsequent experiments. No specimen was used more than twice. In total, 5 specimens were
used for 8 experiments.
(iii) Synthetic skin. Vitro-Skin N-19 (IMS, Inc.), a synthetic substrate designed to mimic the surface
properties of human skin, was cut in 10-cm2 pieces. Hydration of the substrate was carried out according
to the manufacturer’s instruction. Brieﬂy, a solution of 15% glycerin (Sigma-Aldrich) was placed in the
bottom of a closed chamber to regulate the humidity inside the chamber. A sample of Vitro-Skin was
placed on a tray inside the humidity-controlled chamber for 16 to 24 h before the experiment. To
minimize substrate dryness, the transfer experiments were performed immediately after taking the
substrate out of the hydration chamber (20 min). Each sample was only used once before being
discarded.
Ethical and biosafety approval. The protocol for the virus transfer studies performed in cadaver
specimens was approved by the Stanford University Administrative Panel on Biosafety (APB). The
protocol used in the human subject studies was approved by the research ethics committee of ETH
Zurich. Written consent from the participants of the human subject studies was obtained before the
experiment.
Statistical analyses. All statistical analyses were performed using the R statistical software (the R
Foundation for Statistical Computing Platform, version 3.4.4). Statistical signiﬁcance was deﬁned at an 
value of 0.05.
SUPPLEMENTAL MATERIAL
Supplemental material for this article may be found at https://doi.org/10.1128/AEM
.01809-18.
SUPPLEMENTAL FILE 1, PDF ﬁle, 0.5 MB.
ACKNOWLEDGMENTS
This research was funded by Firmenich through the EPFL-Stanford Exchange Program,
by Eawag Discretionary Funds, by EPFL discretionary funds, and by a mobility fellowship of
the Doctoral School of Civil and Environmental Engineering at EPFL.
We thank Jill McClary, Wiley Jennings, and Martin Ackermann for their intellectual
and technical support and the volunteers for their participation.
REFERENCES
1. Gibson KE. 2013. Viral pathogens in water: Occurrence, public health
impact, and available control strategies. Curr Opin Virol 4:50–57. https://
doi.org/10.1016/j.coviro.2013.12.005.
2. La Rosa G, Fratini M, Della Libera S, Iaconelli M, Muscillo M. 2012.
Emerging and potentially emerging viruses in water environments. Ann
Ist Super Sanita 48:397–406. https://doi.org/10.4415/ANN_12_04_07.
Pitol et al. Applied and Environmental Microbiology
November 2018 Volume 84 Issue 22 e01809-18 aem.asm.org 10
 o
n
 N
ovem
ber 7, 2018 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
3. Sinclair RG, Jones EL, Gerba CP. 2009. Viruses in recreational water-borne
disease outbreaks: a review. J Appl Microbiol 107:1769–1780. https://
doi.org/10.1111/j.1365-2672.2009.04367.x.
4. Mattioli MCM, Davis J, Boehm AB. 2015. Hand-to-mouth contacts result
in greater ingestion of feces than dietary water consumption in
Tanzania: a quantitative fecal exposure assessment model. Environ Sci
Technol 49:1912–1920. https://doi.org/10.1021/es505555f.
5. Wang Y, Moe CL, Null C, Raj SJ, Baker KK, Robb KA, Yakubu H, Ampofo
JA, Wellington N, Freeman MC, Armah G, Reese HE, Peprah D, Teunis
PFM. 2017. Multipathway quantitative assessment of exposure to fecal
contamination for young children in low-income urban environments in
Accra, Ghana: the SaniPath analytical approach. Am J Trop Med Hyg
97:1009–1019. https://doi.org/10.4269/ajtmh.16-0408.
6. Fuhrimann S, Winkler MS, Stalder M, Niwagaba CB, Babu M, Kabatereine
NB, Halage AA, Utzinger J, Cissé G, Nauta M. 2016. Disease burden due
to gastrointestinal pathogens in a wastewater system in Kampala,
Uganda. Microb Risk Anal 4:16–28. https://doi.org/10.1016/j.mran.2016
.11.003.
7. US Environmental Protection Agency. 2011. Exposure factors handbook:
2011 ed. US Environmental Protection Agency, Washington, DC.
8. Ryan MO, Haas CN, Gurian PL, Gerba CP, Panzl BM, Rose JB. 2014.
Application of quantitative microbial risk assessment for selection of
microbial reduction targets for hard surface disinfectants. Am J Infect
Control 42:1165–1172. https://doi.org/10.1016/j.ajic.2014.07.024.
9. Lopez GU, Kitajima M, Sherchan SP, Sexton JD, Sifuentes LY, Gerba CP,
Reynolds KA. 2015. Impact of disinfectant wipes on the risk of Campy-
lobacter jejuni infection during raw chicken preparation in domestic
kitchens. J Appl Microbiol 119:245–252. https://doi.org/10.1111/jam
.12834.
10. Weir MH, Shibata T, Masago Y, Cologgi D, Rose JB. 2016. Effect of surface
sampling and recovery of viruses and non-spore forming bacteria on a
QMRA model for fomites. Environ Sci Technol 50:5945–5952. https://doi
.org/10.1021/acs.est.5b06275.
11. Beamer PI, Plotkin KR, Gerba CP, Sifuentes LY, Koenig DW, Reynolds KA.
2015. Modeling of human viruses on hands and risk of infection in an
ofﬁce workplace using micro-activity data. J Occup Environ Hyg 12:
266–275. https://doi.org/10.1080/15459624.2014.974808.
12. Julian TR, Canales RA, Leckie JO, Boehm AB. 2009. A model of exposure
to rotavirus from nondietary ingestion iterated by simulated intermit-
tent contacts. Risk Anal 29:617–632. https://doi.org/10.1111/j.1539-6924
.2008.01193.x.
13. Wilson AM, Reynolds KA, Sexton JD, Canales RA. 2018. Modeling surface
disinfection needs to meet microbial risk reduction targets. Appl Environ
Microbiol 84:e00709-18. https://doi.org/10.1128/AEM.00709-18.
14. Mbithi JN, Springthorpe VS, Boulet JR, Sattar SA. 1992. Survival of
hepatitis A virus on human hands and its transfer on contact with
animate and inanimate surfaces. J Clin Microbiol 30:757–763.
15. Ansari S, Springthorpe V, Sattar S, Rivard S, Rahman M. 1991. Potential
role of hands in the spread of respiratory viral infections: studies with
human parainﬂuenza virus 3 and rhinovirus. J Clin Microbiol 29:
2115–2119.
16. Ansari SA, Sattar SA, Springthorpe VS, Wells GA, Tostowaryk W. 1988.
Rotavirus survival on human hands and transfer of infectious virus to
animate and nonporous inanimate surfaces. J Clin Microbiol 26:
1513–1518.
17. Gwaltney JM, Jr, Moskalski PB, Hendley JO. 1978. Hand-to-hand trans-
mission of rhinovirus colds. Ann Intern Med 88:463–467. https://doi.org/
10.7326/0003-4819-88-4-463.
18. Rusin P, Maxwell S, Gerba C. 2002. Comparative surface-to-hand and
ﬁngertip-to-mouth transfer efﬁciency of Gram-positive bacteria, Gram-
negative bacteria, and phage. J Appl Microbiol 93:585–592. https://doi
.org/10.1046/j.1365-2672.2002.01734.x.
19. Lopez GU, Gerba CP, Tamimi AH, Kitajima M, Maxwell SL, Rose JB. 2013.
Transfer efﬁciency of bacteria and viruses from porous and nonporous
fomites to ﬁngers under different relative humidity conditions. Appl
Environ Microbiol 79:5728–5734. https://doi.org/10.1128/AEM.01030-13.
20. Julian TR, Leckie JO, Boehm AB. 2010. Virus transfer between ﬁngerpads
and fomites. J Appl Microbiol 109:1868–1874. https://doi.org/10.1111/j
.1365-2672.2010.04814.x.
21. Bidawid S, Malik N, Adegbunrin O, Sattar SA, Farber JM. 2004. Norovirus
cross-contamination during food handling and interruption of virus
transfer by hand antisepsis: experiments with feline calicivirus as a
surrogate. J Food Prot 67:103–109. https://doi.org/10.4315/0362-028X
-67.1.103.
22. Lopez GU, Kitajima M, Havas A, Gerba CP, Reynolds KA. 2014. Evaluation
of a disinfectant wipe intervention on fomite-to-ﬁnger microbial trans-
fer. Appl Environ Microbiol 80:3113–3118. https://doi.org/10.1128/AEM
.04235-13.
23. Schoen ME, Ashbolt NJ. 2010. Assessing pathogen risk to swimmers at
non-sewage impacted recreational beaches. Environ Sci Technol 44:
2286–2291. https://doi.org/10.1021/es903523q.
24. Soller J, Bartrand T, Ravenscroft J, Molina M, Whelan G, Schoen M,
Ashbolt N. 2015. Estimated human health risks from recreational expo-
sures to stormwater runoff containing animal faecal material. Environ
Model Softw 72:21–32. https://doi.org/10.1016/j.envsoft.2015.05.018.
25. McBride GB, Stott R, Miller W, Bambic D, Wuertz S. 2013. Discharge-
based QMRA for estimation of public health risks from exposure to
stormwater-borne pathogens in recreational waters in the United States.
Water Res 47:5282–5297. https://doi.org/10.1016/j.watres.2013.06.001.
26. Wong M, Kumar L, Jenkins TM, Xagoraraki I, Phanikumar MS, Rose JB.
2009. Evaluation of public health risks at recreational beaches in Lake
Michigan via detection of enteric viruses and a human-speciﬁc bacteri-
ological marker. Water Res 43:1137–1149. https://doi.org/10.1016/j
.watres.2008.11.051.
27. Lodder WJ, Schijven JF, Rutjes SA, de Roda Husman AM, Teunis PFM.
2015. Entero- and parechovirus distributions in surface water and prob-
abilities of exposure to these viruses during water recreation. Water Res
75:25–32. https://doi.org/10.1016/j.watres.2015.02.024.
28. Schets FM, Schijven JF, de Roda Husman AM. 2011. Exposure assessment
for swimmers in bathing waters and swimming pools. Water Res 45:
2392–2400. https://doi.org/10.1016/j.watres.2011.01.025.
29. Soller JA, Eftim S, Wade TJ, Ichida AM, Clancy JL, Johnson TB, Schwab K,
Ramirez-Toro G, Nappier S, Ravenscroft JE. 2015. Use of quantitative
microbial risk assessment to improve interpretation of a recreational
water epidemiological study. Microb Risk Anal 1:2–11. https://doi.org/
10.1016/j.mran.2015.04.001.
30. Vergara GGRV, Rose JB, Gin KYH. 2016. Risk assessment of noroviruses
and human adenoviruses in recreational surface waters. Water Res
103:276–282. https://doi.org/10.1016/j.watres.2016.07.048.
31. de Man H, van den Berg HHJL, Leenen EJTM, Schijven JF, Schets FM, van
der Vliet JC, van Knapen F, de Roda Husman AM. 2014. Quantitative
assessment of infection risk from exposure to waterborne pathogens in
urban ﬂoodwater. Water Res 48:90–99. https://doi.org/10.1016/j.watres
.2013.09.022.
32. O’Toole J, Sinclair M, Leder K. 2009. Transfer rates of enteric microor-
ganisms in recycled water during machine clothes washing. Appl Envi-
ron Microbiol 75:1256–1263. https://doi.org/10.1128/AEM.01923-08.
33. De Man H, Bouwknegt M, van Heijnsbergen E, Leenen EJTM, van Knapen
F, de Roda Husman AM. 2014. Health risk assessment for splash parks
that use rainwater as source water. Water Res 54:254–261. https://doi
.org/10.1016/j.watres.2014.02.010.
34. Pitol AK, Bischel HN, Kohn T, Julian TR. 2017. Virus transfer at the
skin-liquid interface. Environ Sci Technol 51:14417–14425. https://doi
.org/10.1021/acs.est.7b04949.
35. Aranha-Creado H, Brandwein H. 1996. Application of bacteriophages as
surrogates for mammalian viruses: a case for use in ﬁlter validation
based on precedents and current practices in medical and environmen-
tal virology. PDA J Pharm Sci Technol 53:75–82.
36. Michen B, Graule T. 2010. Isoelectric points of viruses. J Appl Microbiol
109:388–397. https://doi.org/10.1111/j.1365-2672.2010.04663.x.
37. US EPA. 2001. Method 1602: male-speciﬁc (F) and somatic coliphage in
water by single agar layer (SAL) procedure. April 2001. EPA document
821-R-01-029 30. US Environmental Protection Agency, Washington, DC.
38. Shirasaki N, Matsushita T, Matsui Y, Murai K. 2017. Assessment of the
efﬁcacy of membrane ﬁltration processes to remove human enteric
viruses and the suitability of bacteriophages and a plant virus as surro-
gates for those viruses. Water Res 115:29–39. https://doi.org/10.1016/j
.watres.2017.02.054.
39. Farkas K, Varsani A, Pang L. 2015. Adsorption of rotavirus, MS2 bacte-
riophage and surface-modiﬁed silica nanoparticles to hydrophobic mat-
ter. Food Environ Virol 7:261–268. https://doi.org/10.1007/s12560-014
-9171-3.
40. Deboosere N, Pinon A, Caudrelier Y, Delobel A, Merle G, Perelle S,
Temmam S, Loutreul J, Morin T, Estienney M, Belliot G, Pothier P, Gantzer
C, Vialette M. 2012. Adhesion of human pathogenic enteric viruses and
surrogate viruses to inert and vegetal food surfaces. Food Microbiol
32:48–56. https://doi.org/10.1016/j.fm.2012.04.007.
41. Stevenson ME, Sommer R, Lindner G, Farnleitner AH, Toze S, Kirschner
Enteric Virus and Phage Transfer from Liquid to Skin Applied and Environmental Microbiology
November 2018 Volume 84 Issue 22 e01809-18 aem.asm.org 11
 o
n
 N
ovem
ber 7, 2018 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
AKT, Blaschke AP, Sidhu JPS. 2015. Attachment and detachment behav-
ior of human adenovirus and surrogates in ﬁne granular limestone
aquifer material. J Environ Qual 44:1392–1401. https://doi.org/10.2134/
jeq2015.01.0052.
42. Aquino de Carvalho N, Stachler EN, Cimabue N, Bibby K. 2017. Evaluation
of Phi6 persistence and suitability as an enveloped virus surrogate.
Environ Sci Technol 51:8692–8700. https://doi.org/10.1021/acs.est
.7b01296.
43. Bibby K, Aquino de Carvalho N, Wigginton K. 2017. Research needs for
wastewater handling in virus outbreak response. Environ Sci Technol
51:2534–2535. https://doi.org/10.1021/acs.est.6b06492.
44. Schünemann S, Eggers HJ. 1983. Antiviral activity of an alcoholic hand
disinfectant. Comparison of the in vitro suspension test with in vivo
experiments on hands, and on individual ﬁngertips. Antiviral Res
3:25–41.
45. Woolwine JD, Gerberding JL. 1995. Effect of testing method on apparent
activities of antiviral disinfectants and antiseptics. Antimicrob Agents
Chemother 39:921–923. https://doi.org/10.1128/AAC.39.4.921.
46. Sickbert-Bennett EE, Weber DJ, Gergen-Teague MF, Rutala WA. 2004. The
effects of test variables on the efﬁcacy of hand hygiene agents. Am J
Infect Control 32:69–83. https://doi.org/10.1016/j.ajic.2003.09.003.
47. Maillard JY, Messager S, Veillon R. 1998. Antimicrobial efﬁcacy of bio-
cides tested on skin using an ex-vivo test. J Hosp Infect 40:313–323.
https://doi.org/10.1016/S0195-6701(98)90309-7.
48. Arinder P, Johannesson P, Karlsson I, Borch E. 2016. Transfer and decon-
tamination of S. aureus in transmission routes regarding hands and
contact surfaces. PLoS One 11:1–20. https://doi.org/10.1371/journal
.pone.0156390.
49. Messager S, Hann AC, Goddard PA, Dettmar PW, Maillard JY. 2004. Use
of the “ex vivo” test to study long-term bacterial survival on human skin
and their sensitivity to antisepsis. J Appl Microbiol 97:1149–1160.
https://doi.org/10.1111/j.1365-2672.2004.02403.x.
50. Messager S, Goddard PA, Dettmar PW, Maillard J-Y. 2001. Determination
of the antibacterial efﬁcacy of several antiseptics tested on skin by an
“ex-vivo” test. J Med Microbiol 50:284–292. https://doi.org/10.1099/0022
-1317-50-3-284.
51. Graham ML, Springthorpe VS, Sattar SA. 1996. Ex vivo protocol for
testing virus survival on human skin: experiments with herpesvirus 2.
Appl Environ Microbiol 62:4252–4255.
52. Selwyn S, Ellis H. 1972. Skin bacteria and skin disinfection reconsidered.
Br Med J 1:136–140. https://doi.org/10.1136/bmj.1.5793.136.
53. Cinalli C, Carter C, Clark A, Dixon D. 1992. A laboratory method to
determine the retention of liquids on the surface of hands. Report
EPA/747/R-92/003. US Environmental Protection Agency, Washing-
ton, DC.
54. Gerba CP. 1984. Applied and theoretical aspects of virus adsorption to
surfaces. Adv Appl Microbiol 30:133–168. https://doi.org/10.1016/S0065
-2164(08)70054-6.
55. Gerba CP, Betancourt WQ. 2017. Viral aggregation: impact on virus
behavior in the environment. Environ Sci Technol 51:7318–7325. https://
doi.org/10.1021/acs.est.6b05835.
56. Leung MHY, Tong X, Wilkins D, Cheung HHL, Lee PKH. 2018. Individual
and household attributes inﬂuence the dynamics of the personal skin
microbiota and its association network. Microbiome 6:6–26. https://doi
.org/10.1186/s40168-017-0397-9.
57. Firooz A, Sadr B, Babakoohi S, Sarraf-Yazdy M, Fanian F, Kazerouni-
Timsar A, Nassiri-Kashani M, Naghizadeh MM, Dowlati Y. 2012. Vari-
ation of biophysical parameters of the skin with age, gender, and
body region. ScientiﬁcWorldJournal 2012:386936. https://doi.org/10
.1100/2012/386936.
58. Sobsey MD, Meschke JS. 2003. Virus survival in the environment with
special attention to survival in sewage droplets and other environmental
media of fecal or respiratory origin. https://www.unc.edu/courses/2008
spring/envr/421/001/WHO_VirusSurvivalReport_21Aug2003.pdf.
59. Ye Y, Ellenberg RM, Graham KE, Wigginton KR. 2016. Survivability, par-
titioning, and recovery of enveloped viruses in untreated municipal
wastewater. Environ Sci Technol 50:5077–5085. https://doi.org/10.1021/
acs.est.6b00876.
60. E Enriquez C, J Hurst C, P Gerba C. 1995. Survival of enteric adenoviruses
40 and 41 in tap, sea, and waste water. Water Res 29:2548–2553.
https://doi.org/10.1016/0043-1354(95)00070-2.
61. Jansons J, Edmonds LW, Speight B, Bucens MR. 1989. Survival of viruses
in groundwater. Water Res 23:301–306. https://doi.org/10.1016/0043
-1354(89)90095-X.
62. Yeargin T, Buckley D, Fraser A, Jiang X. 2016. The survival and inactiva-
tion of enteric viruses on soft surfaces: a systematic review of the
literature. Am J Infect Control 44:1365–1373. https://doi.org/10.1016/j
.ajic.2016.03.018.
63. Vasickova P, Pavlik I, Verani M, Carducci A. 2010. Issues concerning
survival of viruses on surfaces. Food Environ Virol 2:24–34. https://doi
.org/10.1007/s12560-010-9025-6.
64. Greene C, Vadlamudi G, Eisenberg M, Foxman B, Koopman J, Xi C. 2015.
Fomite-ﬁngerpad transfer efﬁciency (pick-up and deposit) of Acineto-
bacter baumannii—with and without a latex glove. Am J Infect Control
43:928–934. https://doi.org/10.1016/j.ajic.2015.05.008.
65. Sattar SA, Springthorpe S, Mani S, Gallant M, Nair RC, Scott E, Kain J.
2001. Transfer of bacteria from fabrics to hands and other fabrics:
development and application of a quantitative method using Staphylo-
coccus aureus as a model. J Appl Microbiol 90:962–970. https://doi.org/
10.1046/j.1365-2672.2001.01347.x.
66. Chen Y, Jackson KM, Chea FP, Schaffner DW. 2001. Quantiﬁcation and
variability analysis of bacterial cross-contamination rates in common
food service tasks. J Food Prot 64:72–80. https://doi.org/10.4315/0362
-028X-64.1.72.
67. Montville R, Schaffner DW. 2003. Inoculum size inﬂuences bacterial cross
contamination between surfaces. Appl Environ Microbiol 69:7188–7193.
https://doi.org/10.1128/AEM.69.12.7188-7193.2003.
68. Iwai I, Han H, Hollander Den L, Svensson S, Öfverstedt L-G, Anwar J,
Brewer J, Bloksgaard M, Laloeuf A, Nosek D, Masich S, Bagatolli LA,
Skoglund U, Norlén L. 2012. The human skin barrier is organized as
stacked bilayers of fully extended ceramides with cholesterol molecules
associated with the ceramide sphingoid moiety. J Investig Dermatol
132:2215–2225. https://doi.org/10.1038/jid.2012.43.
69. Egert M, Simmering R. 2016. The microbiota of the human skin, p 61–81.
In Schwiertz A (ed), Microbiota of the human body: implications in
health and disease. Springer International Publishing Switzerland, Basel,
Switzerland.
70. Byrd AL, Belkaid Y, Segre JA. 2018. The human skin microbiome. Nat Rev
Microbiol 16:143–155. https://doi.org/10.1038/nrmicro.2017.157.
71. Donovan E, Unice K, Roberts JD, Harris M, Finley B. 2008. Risk of
gastrointestinal disease associated with exposure to pathogens in the
water of the Lower Passaic River. Appl Environ Microbiol 74:994–1003.
https://doi.org/10.1128/AEM.00601-07.
72. Asano T, Leong L, Rigby M, Sakaji RH. 1992. Evaluation of the California
wastewater reclamation criteria using enteric virus monitoring data.
Water Sci Technol 26:1513–1524. https://doi.org/10.2166/wst.1992.0595.
73. ten Veldhuis JAE, Clemens FHLR, Sterk G, Berends BR. 2010. Microbial
risks associated with exposure to pathogens in contaminated urban
ﬂood water. Water Res 44:2910–2918. https://doi.org/10.1016/j.watres
.2010.02.009.
74. Höglund C, Stenström TA, Ashbolt N. 2002. Microbial risk assessment of
source-separated urine used in agriculture. Waste Manag Res 20:
150–161. https://doi.org/10.1177/0734242X0202000207.
75. Dorevitch S, Panthi S, Huang Y, Li H, Michalek AM, Pratap P, Wroblewski
M, Liu L, Scheff PA, Li A. 2011. Water ingestion during water recreation.
Water Res 45:2020–2028. https://doi.org/10.1016/j.watres.2010.12.006.
76. Kundu A, McBride G, Wuertz S. 2013. Adenovirus-associated health risks
for recreational activities in a multi-use coastal watershed based on
site-speciﬁc quantitative microbial risk assessment. Water Res 47:
6309–6325. https://doi.org/10.1016/j.watres.2013.08.002.
77. Schijven JF, Majid Hassanizadeh S, Dowd SE, Pillai SD. 2000. Modeling
virus adsorption in batch and column experiments. Quant Microbiol
2:5–20. https://doi.org/10.1023/A:1010062728286.
78. Yuan B, Pham M, Nguyen TH. 2008. Deposition kinetics of bacteriophage
MS2 on a silica surface coated with natural organic matter in a radial
stagnation point ﬂow cell. Environ Sci Technol 42:7628–7633. https://
doi.org/10.1021/es801003s.
79. Redman JA, Grant SB, Olson TM, Hardy ME, Estes MK. 1997. Filtration of
recombinant Norwalk virus particles and bacteriophage MS2 in quartz
sand: importance of electrostatic interactions. Environ Sci Technol 31:
3378–3383. https://doi.org/10.1021/es961071u.
80. Vega E, Smith J, Garland J, Matos A, Pillaii SD. 2005. Variability of virus
attachment patterns to butterhead lettuce. J Food Prot 68:2112–2117.
https://doi.org/10.4315/0362-028X-68.10.2112.
81. Armanious A, Munch M, Kohn T, Sander M. 2016. Competitive co-
adsorption dynamics of viruses and dissolved organic matter to posi-
tively charged sorbent surfaces. Environ Sci Technol 7:3597–3606.
https://doi.org/10.1021/acs.est.5b05726.
Pitol et al. Applied and Environmental Microbiology
November 2018 Volume 84 Issue 22 e01809-18 aem.asm.org 12
 o
n
 N
ovem
ber 7, 2018 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
82. Armanious A, Aeppli M, Jacak R, Refardt D, Sigstam T, Kohn T, Sander M.
2015. Viruses at solid-water interfaces: a systematic assessment of inter-
actions driving adsorption. Environ Sci Technol 2:732–743. https://doi
.org/10.1021/acs.est.5b04644.
83. Mena KD, Gerba CP. 2009. Waterborne adenovirus. Rev Environ Contam
Toxicol 198:133–167. https://doi.org/10.1007/978-0-387-09647-6_4.
84. Bradbury KR, Borchardt MA, Gotkowitz M, Spencer SK, Zhu J, Hunt RJ.
2013. Source and transport of human enteric viruses in deep municipal
water supply wells. Environ Sci Technol 47:4096–4103. https://doi.org/
10.1021/es400509b.
85. Bischel HN, Duygan BDÖ, Strande L, McArdell CS, Udert KM, Kohn T.
2015. Pathogens, pharmaceuticals and antibiotic resistance genes in
source–separated urine in eThekwini, South Africa. Water Res 85:57–65.
https://doi.org/10.1016/j.watres.2015.08.022.
86. Ma H, Huang X, Kang K, Li X, Tang X, Ren Y, Wang Y, Zhao G, Xu B. 2013.
Recombination in human coxsackievirus B5 strains that caused an out-
break of viral encephalitis in Henan, China. Arch Virol 158:2169–2173.
https://doi.org/10.1007/s00705-013-1709-4.
87. Jiang SC. 2006. Human adenoviruses in water: occurrence and health
implications: a critical review. Environ Sci Technol 40:7132–7140. https://
doi.org/10.1021/es060892o.
88. Rorabaugh ML, Berlin LE, Heldrich F, Roberts K, Rosenberg LA, Doran T,
Modlin JF. 1993. Aseptic meningitis in infants younger than 2 years of
age: acute illness and neurologic complications. Pediatrics 92:206–211.
89. Shukla D, Kumar A, Srivastava S, Dhole TN. 2013. Molecular identiﬁcation
and phylogenetic study of coxsackievirus A24 variant isolated from an
outbreak of acute hemorrhagic conjunctivitis in India in 2010. Arch Virol
158:679–684. https://doi.org/10.1007/s00705-012-1520-7.
90. Dussart P, Cartet G, Huguet P, Lévêque N, Hajjar C, Morvan J, Vanderker-
ckhove J, Ferret K, Lina B, Chomel JJ, Norder H. 2005. Outbreak of acute
hemorrhagic conjunctivitis in French Guiana and West Indies caused by
coxsackievirus A24 variant: phylogenetic analysis reveals Asian import. J
Med Virol 75:559–565. https://doi.org/10.1002/jmv.20304.
91. Ashbolt NJ. 2004. Microbial contamination of drinking water and disease
outcomes in developing regions. Toxicology 198:229–238. https://doi
.org/10.1016/j.tox.2004.01.030.
92. Carratalà A, Calado AD, Mattle MJ, Meierhofer R, Luzi S, Kohn T. 2016.
Solar disinfection of viruses in polyethylene terephthalate bottles.
Appl Environ Microbiol 82:279 –288. https://doi.org/10.1128/AEM
.02897-15.
93. Zhuang J, Jin Y. 2003. Virus retention and transport through Al-oxide coated
sand columns: effects of ionic strength and composition. J Contam Hydrol
60:193–209. https://doi.org/10.1016/S0169-7722(02)00087-6.
94. Wester RC, Christoffel J, Hartway T, Poblete N, Maibach HI, Forsell J. 1998.
Human cadaver skin viability for in vitro percutaneous absorption: Stor-
age and detrimental effects of heat-separation and freezing. Pharm Res
15:82–84. https://doi.org/10.1023/A:1011904921318.
Enteric Virus and Phage Transfer from Liquid to Skin Applied and Environmental Microbiology
November 2018 Volume 84 Issue 22 e01809-18 aem.asm.org 13
 o
n
 N
ovem
ber 7, 2018 by guest
http://aem
.asm
.org/
D
ow
nloaded from
 
